This special issue of Briefings in Bioinformatics, on Knowledge Integration and Web Communities, highlights a new generation of Semantic Web [1, 2] technology being used to weave together knowledge discovery in biomedicine. As such, it marks a notable point in the co-evolution of biomedicine, web technology and bioinformatics. The interaction of these three disciplines is now becoming more closely aligned than ever, and is beginning to enable new qualitative transformations in the practice of each discipline.
As Neumann and Prusak note (this issue), there are now literally thousands of communities of practice in biomedical research and healthcare, knit together by the Web. These communities rely extensively upon digital resources of many kinds, in many formats, as mediators of their work. The current non-semantic web stitches these resources together at their edges. It has been left to human web navigators-mostly-to integrate the content as knowledge.
Knowledge integration occurs in part through the activities of reading, comparing, evaluating, discussing, hypothesis construction, and validation, and extending . . . inevitable and irreducible activities in science. The social fabric and mediating resources for these activities have been called the knowledge ecosystem of science. To this has been added, almost organically, over the last 10-15 years, a dense web of aligned activities in bioinformatics and applied web technology, which is now beginning to include the semantic web.
The essential questions for semantic web technology applied to bioscience are:
Can semantic web provide deeper and more uniform integration for science on the web? What new social forms of collaboration in science can this enable?
Will this require us to change any of our approaches, either to science or to technology development?
The six articles for our special issue fall into two groups by general topic.
In the first group are exemplars of new technical approaches for knowledge integration via semantic web. These include persistence mechanisms for semantic data (Feigenbaum et al.); provenance capture for scientific data from in-silico experiments (Stevens, Zhao and Goble) and multi-schema information integration (Quan).
The open-source triple store Boca (Feigenbaum et al.), is one of several persistence and query mechanisms now available for dealing with RDF [3] , the lingua franca of semantic web. Quan's article discusses technology based on the Haystack platform [4, 5] for integrating and navigating information within the browser based on its semantics. Stevens, Zhao and Goble on management of experimental data provenance introduce a key technology for any attempt to integrate knowledge via computation, and a key question: what was the data, and what was computed on it? [6] .
In the second group are discussions of the kinds of facilities and new capabilities that are now being built with these and related technologies. Neumann and Prusak step slightly away from semantic web per se to discuss the general topic of how 'knowledge networks' form and are enabled on the web. Both the SenseLab (Crasto et al.) and the Alzforum-SWAN (Kinoshita and Clark) articles discuss different types of knowledge bases provided on the web by and for scientific web communities in neuroscience.
We find in each of these papers, a significant role for formalization of biological knowledge schemas, or biological ontologies [7] . There is now a substantial body of W3C technology [8] [9] [10] to support this happening on the web. And there are many sciencetechnology collaborations emerging to provide social organization and support for these activities, under the auspices of W3C (http://www.w3.org/), the National Center for Biomedical Ontology (http://www.bioontology.org/) and other organizations.
Any data organization for computing will have a schema of some kind, explicitly or implicitly. Initially this resided in the application, later in a database schema. Successive generations of technology have attempted to externalize and share the schema so that it could be used and re-used by multiple applications; and to formalize it for purposes of robust reasoning. What we now potentially have with ontologies conforming to W3C standards is the ability to externalize and share multiple, partially intersecting, logically robust schemas on the web in association with the data they describe.
These ontologies will have been developed by and for communities of practice-knowledge networks in Neumann and Prusak's terms-in which there is a strong requirement to re-use the ontologized data outside of its original purpose. This kind of network is a component of the larger scientific knowledge ecosystem. Why is it that scientists need to re-use data in such complex ways that it must be shared with associated ontologies?
This brings us from ontology to epistemology, which is, perhaps, where we should have begun. The scientific method believes in a commonly accessible external world, subject to rational laws, which can be inferred from phenomena and tested by experiment.
Philosophers of science define knowledge as 'justified true belief' [11] . This differentiates 'knowledge' from mere 'belief' based on two criteria applied to belief. Knowledge is a true statement of belief, experimentally verifiable as truth by the activities of others. And knowledge is a justifiable statement of belief, because the process by which it was arrived at is a replicable activity of materialistic enquiry, which can be recounted and repeated. A guess is not knowledge, even if correct.
The digital resources we create, publish, consume, critique and argue about in science all purport to contain knowledge, and we believe we can integrate them to produce further knowledge, but over time, part of this involves validating the assertions of authors that what they have published is, indeed, true. A winnowing process is constantly in play, in which we partially invalidate the content of some of these resources.
At all times in our knowledge networks there will be both knowledge and error, closely commingled, and in process of being sorted out by human activities. This is what scientists do. It should not be at all unfamiliar to people who spend half their lives debugging and refactoring code!
We also have to accept that there will exist at all times a very important intermediate state of 'knowledge in embryo' which both is, and is not, real knowledge, as it is in process of being validated. This situation becomes easier for us to work with if we think of the evolving knowledge ecosystem of science as now consisting of two interconnected ecosystems, one scientific and one technical. The contents of each ecosystem are continually being internally aligned, aligned against the other ecosystem and debugged.
Software for the web, including formal ontologies, will continue to evolve more and more closely in conjunction with the needs and participation of scientists. At the same time scientific knowledge will more and more make use of software and ontologies to develop, validate, publish and integrate its findings. For this process to work well requires a very agile and flexible collaboration of scientific web communities, and cooperating communities of web technologists focused on scientific problems.
Many of the authors of this issue's articles will be participating in an ambitious proof of concept demonstration at WWW2007 (http:// www2007.org/), sponsored by HCLS, the W3C Health Care Life Sciences Task Force (http:// www.w3.org/2001/sw/hcls/). HCLS is just such a collaboration of science and technology communities.
The demonstration will show interoperability across many semantic web resources focused on assisting in the solution of a pair of scientific use cases in Alzheimer Disease and Parkinson's Disease research. Neuromedicine was selected for the domain of the demonstration in part because it attempts to study and intervene in such complex phenomena, requiring the integration of many subdomains of inquiry. Connecting experts and expert knowledge flexibly across these subdomains remains challenging, and is not only a problem of technology, but of learning and the creation of shared culture [12, 13] .
We believe this experiment will be a step toward a continuously-evolving close collaboration of biomedical researchers, health care providers, bioinformaticians and web technologists in the future. We sincerely hope that HCLS and many similar working groups will be a proving ground for a continuously developing and highly productive extended ecosystem of biomedical researchers, web technologists and bioinformaticians.
